INTRODUCTION
herbaceous annuals. The remainder of the genus comprises approximately 55 species with chromosomes of 1.5-3.0 µm long (Albers & van der Walt, 1984; Gibby & Westfold, 1986; Gibby, 1990) and includes woody and succulent (sub)shrubs as well as herbaceous annuals. In a previous study (Bakker & al., 2000b) we reported an overall phylogenetic hypothesis for Pelargonium (28 species) based on cpDNA trnL-F and mtDNA nad1 gene sequences. Here we extend these datasets along with data from the rDNA ITS regions, including approximately half of the species known to Pelargonium. This study is the first to reconstruct phylogenetic relationships among representatives of all currently recognised sections of Pelargonium.
The Cape flora of South Africa has always been of special interest to botanists and, over the past decade, has been the subject of studies focussing on (phylogenetic) patterns and processes underlying the species-level radiations mentioned above (e.g., Johnson, 1996; Johnson & al., 1998; Bakker & al., 1999b; Richardson & al., 2001; Goldblatt & al., 2002) . Of special interest is whether these radiations occurred simultaneously, perhaps in a concerted response to a changing environmental or climatic factor. Axelrod & Raven (1978) suggested that the main components of the fynbos vegetation type, harbouring most of the species diversity in the CFR, were already present at the beginning of the Miocene (26 Mya). The temperate rainforests once covering the Cape area gave way to sclerophyllous vegetation when global cooling and aridification started at the Eocene/Miocene boundary. Later, after the establishment of the Benguela current system at around 15 Mya (Siesser, 1980) , and the first appearance of the Antarctic ice sheet (~5 Mya), the summer-dry, mediterranean climate as seen today was established, possibly triggering additional radiations continuing into recent times (Axelrod & Raven, 1978) .
Since paleobotanical and palynological data in support of the scenarios outlined above are still lacking, molecular dating of CFR radiations could provide a valuable insight into the rate of diversification. Armed with DNA sequence-based phylogenies we can compare datings in different, unrelated lineages, possible using common external calibration points. For instance, Richardson & al. (2001) estimated the major proliferation of CFR Phylica to have occurred ~8 Mya, based on the age of one of the island species elsewhere in this lineage. Pelargonium, with its nested radiations as well as oceanic island disjunctions provides an interesting case to explore with respect to molecular dating of its clades, which will be persued in another study (Bakker & al., in press) .
In this study we use DNA sequences from the three genomes as sources of phylogenetic markers in order to obtain an overall phylogenetic hypothesis for Pelargonium. The use of nuclear, chloroplast and mitochondrial encoded sequences offers the advantage of three independently evolving sets of characters in phylogenetic reconstruction, and has proved to be useful especially for reconstructing deep-level phylogenies (e.g., Parkinson & al., 1999; Qiu & al., 1998; Bowe & al., 2000; Nickrent & al., 2000; Wang & al., 2000) . Nucleotide substitution rates in plant mitochondrial DNA are generally considered to be too low to be suitable for phylogenetic reconstruction at lower taxonomic levels (e.g., Palmer, 1992) . However, in Pelargonium, rates of mtDNA nucleotide substitution have been found to be substantially elevated with respect to other angiosperm groups studied so far (Bakker & al., 2000b; enabling reconstruction of a specieslevel phylogeny from the perspective of all three genomes.
MATERIAL AND METHODS
DNA extraction, gene amplification and sequencing. -Plant material used is listed in Appendix 1 together with accession details. Outgroups were chosen on the basis of previous molecular phylogenetic studies (Soltis & al., 2000) that indicated the remainder of the Geraniaceae clade to be the sistergroup of Pelargonium, and therefore suitable as outgroups. Methods for DNA extraction, PCR amplification (cpDNA trnL-F and nrDNA ITS), BigDye terminator labelled sequencing, sequence assembly and alignment are described in Bakker & al. (1998) . Temperature profile for mtDNA nad1 regions was according to Demesure & al. (1995) .
Data analysis. -Sampling strategies for each DNA region differed in that the cpDNA trnL-F region was used to obtain the most extensive phylogeny across the genus, the mtDNA nad1 region was used to obtain additional phylogenetic markers for basal parts of the (trnL-F) tree, and the rDNA ITS region was sampled to provide more resolution in terminal parts of the tree. Between dataset congruence was tested by comparing jackknife topologies (10,000 replicates) which, because the different taxon numbers per dataset (149 for cpDNA trnL-F, 55 for rDNA ITS and 51 for mtDNA nad1) prevented the use of common congruence-testing algorithms, was done by visual inspection. Jackknife analysis was carried out using PAUP* with settings so as to emulate Parsimony Jackknifer (Farris & al., 1996) , i.e., percentage of characters deleted in each replicate = 37, "fast" stepwise addition and "Jac" resampling method used.
Phylogenetic analyses of the combined data were performed using PAUP*4.0b8 running on a G4 Power Macintosh computer. Heuristic searches involved TBR branch swapping, MULPARS, and collapse branches when maximum length is zero. Starting trees were either generated by 500 cycles of random addition sequence (RAS) holding 2 trees at each step, or by swapping on sub-optimal trees generated from 100 RAS with no swapping, MULPARS "off" and keeping a tree from each replicate even if not optimal over all replicates.
In order to take dataset-specific substitution biases into account in subsequent phylogeny reconstructions, step matrices were constructed for the trnL-F, nad1 and ITS datasets based on maximum likelihood estimations of substitution patterns in each dataset when traced separately on a total evidence strict consensus tree topology. For this purpose a 9-parameter model was used in which nucleotide frequencies, proportion of invariable sites, and gamma distribution shape parameter "a" were estimated (GTR+I +G). Discrete gamma approximation settings were: number of rate categories = 4, average rate for each category represented by median. Prior to likelihood evaluation, outgroups were pruned from MPTs in order to avoid possible saturation effects introduced by long branches connecting to the ingroup. Relative rate values (R) thus obtained were normalised after which 10 × ln(1/normR) was used in the step matrices. Violations of triangle inequality (Maddison & Maddison, 1992) were identified and fixed in MacClade 3.08a. In order to make the binary indel characters in the trnL-F data comparable with the sequence data, an indel step matrix was constructed with costs for indel presence/absence = 10. All four step matrices were then simultaneously applied in a subsequent global parsimony analysis of the combined data.
RESULTS
Analysis of trnL-F, rDNA ITS and mtDNA nad1 b/c. -153 taxa were included in our analysis, four of which were not Pelargonium species. Twenty taxa were represented by all three datasets, 52 by the trnL-F and ITS datasets, and 44 by the trnL-F and nad1 datasets. The cpDNA trnL-F dataset contained 153 taxa and 284 potentially phylogenetically informative characters, of which 29 were binary indel characters, scored according to Bakker & al. (2000a) . The rDNA ITS (55 taxa) and mtDNA nad1 (51 taxa) datasets contained 125 and 33 informative characters, respectively. For further statistics on datasets and analyses we refer to Table 1 . After invariant characters were filtered out, the combined three dataset ingroup matrix comprised 149 taxa ´443 phylogenetically informative characters and had 23.8% of its cells empty, coded as "missing".
First, separate heuristic searches of each of the three datasets were carried out in order to assess topological congruency. Jackknife consensus trees from the separate trnL-F, ITS and nad1 analyses are shown in Fig. 2 . The three topologies are largely congruent and contain five main clades, A1, A2, B, C1 and C2 (best identified in the trnL-F topology in which taxon sampling is highest). Within these main clades a total of six incongruencies are found between the separate trnL-F, ITS and nad1 jackknife topologies (indicated by reverse print in Fig. 2 ).
Within clade A1 (the sect. Pelargonium clade) the following incongruencies between the trnL-F and ITS topologies are found: P. citronellum (98% jac trnL-F and 59% jac ITS), the sister pair P. denticulatum /P. quercifolium (although the incongruent placement of this clade is perhaps a long-branch attraction artifact), and P. hispidum which is sister to P. ternatum in the ITS topology whereas it is part of the basal sect. Pelargonium clade polytomy in the trnL-F topology. Within clade A2 P. luridum and P. flabellifolium within the Schizopetalum clade are both placed incongruently between the trnL-F (90% and 56% jac) and ITS topologies (93% jac).
Within the Peristera clade B P. hypoleucum is placed incongruently between the trnL-F (76% jac) and ITS (56% jac) topologies but with low support. Finally, P. karooicum in clade C1 is part of a Subsucculentia clade in the mitochondrial nad1 tree (64% jac) but part of another clade in the trnL-F tree (51% jac), again hardly without support.
Combined analyses. -In spite of these incongruencies, we opted to combine the three datasets in a global analysis, i.e., including the 23.8% empty cells, using the heuristic search settings as described above. The search was stopped after the tree storage capacity was reached at 42,800 MPTs, all on one island and 1729 steps long (CI = 0.67, RI = 0.89). The strict consensus tree topology of these MPTs is 1840 steps long, contains 60 nodes with >50% jac (estimated on the equally weighted matrix), and will be hereafter referred to as the "total evidence (TE) strict". Within this TE strict the eight terminals that resolved incongruently between the three datasets were placed largely in congruence with the trnL-F jackknife topology. Main clades and their relations as found in the TE strict are ((A1,A2)B)(C1,C2)) and are further discussed below.
Character state weighting. -Nucleotide substitution cost (step)matrices were calculated as described in Material and Methods and are given in Fig.  3 . The three datasets appear to have different substitution biases with, for example, ti/tv ratios of 0.63 in the ITS and nad1 datasets and 0.42 in the trnL-F dataset. In addition, whereas the ti/tv ratio is the same in the ITS and nad1 datasets, relative rates of the different transition and transversion type substitutions vary greatly among these datasets (see Fig. 3 ). The step matrices constructed for the trnL-F, rDNA ITS and mtDNA nad1 datasets are all in compliance with triangle equality after the log/normalisation. Two of the step matrix entries (A-T and G-C transversions) had to be corrected for that purpose. Global analysis of the three combined datasets with all four step matrices implemented simultaneously (heuristic search with settings as above) had to be stopped after Fig. 3 ). the tree storage capacity was reached, yielding 37,900 MPTs (one island) of length 28514.9 with CI = 0.66, RI = 0.89). The strict consensus of these trees, the "weighted TE strict", was congruent with the equally weighted topology and had four additional nodes (Fig. 4) . Overall, the influence of implementing the step matrices was increased jackknife support as measured on step matrixweighted data, and further resolution both in terminal and subterminal nodes (see Fig. 4 ).
DISCUSSION
Pelargonium. -The genus Pelargonium appears to comprise five well-supported main clades (A1, A2, B, C1 and C2) containing subclades that agree overall with current sectional classification. A basal divide exists within the genus, correlating with chromosome size, and further supported by evidence from hybrid formation (Gibby & al., 1996) , but not (gross) morphology. Main characteristics of life forms and evolutionary patterns occurring in the different Pelargonium clades were discussed in Bakker & al. (1999b) . In summary, the small chromosome clade (clade A + B) comprises approximately 80% of the total 280 species currently described, mostly with chromosomes <1.5 µm in length (Albers & van der Walt, 1984; Gibby & Westfold, 1986; Gibby, 1990) .
Clearly, most of the range of morphological variation in Pelargonium (i.e., 11 of the currently 16 recognized sections, nearly 200 of currently described species) is contained in clade A, whose distribution is largely confined to the winter rainfall region of southern Africa (Bakker & al., 1999b) . It includes woody shrubs, shrubs (Ligularia and Pelargonium clades), stem succulents (Otidia clade, Cortusina grade), geophytes (Hoarea, Polyactium clades) and herbaceous annuals (Peristera grade). Clade A comprises two main subclades: clade A1 contains mostly woody evergreen diploid shrubs of the (type) sect. Pelargonium, distributed mainly in the winter rainfall regions. Only P. radens and P. graveolens, both with 2n = 88, are from the summer rainfall area; P. incarnatum and P. setulosum are tetraploids from the CFR. Species in the sect. Pelargonium clade are known to be generally interfertile, and natural hybrids are known (Albers & van der Walt, 1984 ; F. Powrie, pers. comm.), as also indicated by the occurrence of three independent incongruences between the cpDNA and rDNA topologies (Fig. 2) . However, monophyly of the sect. Pelargonium clade is strongly supported also by morphological and phytochemical characters.
Clade A1 further comprises the small herbaceous rosette subshrubs of sect. Campylia mainly distributed in the winter rainfall area of the Western Cape (many of them associated with the Cape Agulhas sand-flats); and P. nanum, a dwarf herbaceous annual species from the Cape winter rainfall region with pink and white petals, placed on a long branch sister to the remainder of A1. P. denticulatum and P. quercifolium are in a position sister to the sect. Campylia clade with no jackknife support (Fig. 4) . Additional sampling of both characters and taxa Step matrix values were calculated as 10 ln(1/normR) and are marked with an asterisk after adjusting for violation of triangle inequality. is needed to decide whether the position of these two species, which are highly similar in morphology and share basic chromosome number with sect. Pelargonium species, reflects an artefact due to long-branch attraction.
Clade A2 (the "xerophytic" clade, see Fig. 4 ) represents nearly half of all Pelargonium species and five of its sections: Ligularia, Otidia, Polyactium, Hoarea and Cortusina. The Ligularia/Hoarea clade consists of woody shrubs and geophytes and is in this study the only Pelargonium clade that is poorly sampled taxonomically: of the 78 species constituting the geophytic section Hoarea (Marais, 1994) , only twelve are included here. In our analysis species currently assigned to section Ligularia (Albers & al., 2000) form a paraphyletic group with respect to the Hoarea clade. Upon complete sampling of the latter it will become clear whether this relationship holds since taxonomic sampling is known to be critical in resolving relationships, especially when clade sizes involved differ strongly (e.g., Lecointre & al., 1993) . Monophyly of Hoarea species is strongly supported by morphological characters such as the possession of tunicate tubers from which scapes grow directly (Marais, 1994 (Marais, , 1999 .
The Polyactium/Cortusina/Otidia clade consists of stem succulents and geophytes and is well-characterised morphologically. In our analyses, species currently assigned to sect. Cortusina appear to form a paraphyletic group with respect to the Otidia and Polyactium clades. The former comprises a small radiation of stemand leaf succulents, predominantly occurring in the dry areas of the winter rainfall region of the Western Cape and the coastal region of the Northern Cape (Dreyer & al., 1992) . Whether sect. Cortusina species comprise a monophyletic group can only be established upon further taxon and character sampling.
Xerophytic clade A2 could be considered a radiation (see also Fig. 5 for branch lengths) with stem-and leafsucculence as possible "key-innovations", although this has not yet been tested formally sensu Harvey & Rambaut (2000) . It features another radiation nested within it (the Hoarea clade) whose key innovation could well have been the formation of (tunicate) tubers. Karyologically, diversification within clade A has been limited (see Fig. 5 ) with two independent reductions from x = 11 to 10 in clade A1, and from x = 11 to 10 and 9, occurring within the Hoarea clade of clade A2 (Gibby & al., 1996; Touloumenidou & al., unpubl.) . Polyploidy has occurred in clade A independently several times. Clade A2 has been suggested to represent an adaptive radiation in response to either Miocene or late-Pliocene aridifications believed to have resulted ultimately in the current climate of winter rain in the Western Cape and the coastal region of the Northern Cape (Bakker & al., 1999a) . Pollinator-dependence is generally high in species from the xerophytic clade A2, as reflected in high levels of variation in floral morphology (see also Fig. 1) , and may well have been an important factor driving speciation in this clade.
In contrast with the winter rainfall clade A, small chromosome clade B comprises predominantly "weedy", dwarf, herbaceous annual species, previously assigned to section Peristera. It also includes section Reniformia (Dreyer & Marais, 2000) as well as seven species that occur in Australia and New Zealand, and P. cotyledonis from the island of St. Helena. Whereas these large, disjunct distributions point towards high dispersal capacity of species belonging to the Peristera clade (Bakker & al., 1998) , the whole of clade A, in contrast, is centred biogeographically in the relatively small area of the winter rainfall region of South Africa. Karyologically, clade B diversification has been more profound (see Fig. 5 ) with one reduction from x = 11 to 8 in the Reniformia clade, and five different chromosome numbers within the Peristera grade, as well as polyploid series (Hellbrügge, 1997) . Pollinator-dependence is generally low in clade B species, and some of them are known to reproduce autogamously (Meve, 1995) .
Clade C represents the large chromosome species of Pelargonium currently assigned to five different sections. In clade C1 (sections Jenkinsonia, Myrrhidium and Chorisma) species are generally (sub)shrubs, usually with woody stems: only P. redactum and P. senecioides from sect. Jenkinsonia and P. myrrhifolium from sect. Chorisma are annuals or short-lived perennials van der Walt & al., 1997) . Flowers of species in sect. Jenkinsonia are usually extremely zygomorphic, indicating high pollinator-dependence. Flowers of P. dolomiticum, P. griseum, P. redactum and P. tragacanthoides (one of the terminal clades within sect. Jenkinsonia) have four petals, the posterior two of which are inrolled to form "false tubes". Petal-number reduction from 5 to 4 appears to be confined to clade C1 with further occurrences in P. praemorsum and P. mutans. The position of P. antidysentericum as sister to C1 is not wellsupported and may resolve using more characters, although this species was found not to group with the main Jenkinsonia clade based on rbcL sequences (van der Walt & al., 1997) . Perlargonium antidysentericum is a much-branched shrub growing from a large, partly subterranean tuber, and is distributed in the Namaqualand area. Some other species in the Jenkinsonia clade are widely distributed throughout Southern Africa both in winter and summer rainfall regions. The C1 Myrrhidium/ Chorisma subclade contains two species distributed in East Africa, P. whytei from Mozambique and P. boranense from Ethiopia. In our analyses, the position of P. boranense, formally not assigned to any section, is on a relatively long branch. It groups as sister to the Myrrhidium/Chorisma clade without much support (69%). As can be seen in Fig. 5 clade C1 comprises two basic chromosome numbers (x = 11 in the Myrrhidium/ Chorisma clade and x = 10 in the Jenkinsonia clade) among which two independent transitions were reconstructed. Clade C2 contains species currently assigned to sections Subsucculentia and Ciconium, although the latter still awaits formal circumscription (i.e., species content). Karyological diversification in clade C2 has yielded three different basic chromosome numbers (x = 11, x = 10 and x = 17), the latter as a result of either an aneuploidy or allotetraploidy event in (the ancestor of) P. endlicherianum and P. quercetorum (Johnson & Özhatay, 1987) . Perlargonium transvaalense from Mpumalanga was previously assigned to section Eumorpha (Gibby & Westfold, 1986) , currently in sect. Ciconium (according to van der Walt & Vorster, 1988) , and occupies an unstable position in our phylogenies. It groups either as sister to the Subsucculentia clade (jac <50%) or is sister to the clade consisting of P. karooicum, P. caylae, P. endlicherianum and P. quercetorum. Increased character rather than taxon sampling is likely to resolve the position of P. transvaalense since all taxa currently known and considered to be related to species contained in these clades have been sampled here. On the other hand, excluding P. karooicum from the analysis fixes P. transvaalense in a position sister to a (Subsucculentia(Ciconium)) clade with 69% jackknife support (not shown). Previously, we interpreted the observation that our P. karooicum material has a P. caylae-type chloroplast, a Subsucculentia-type mitochondrion as well as a Subsucculentia karyotype (x = 10) as indicative of chloroplast capture from P. caylae (Bakker & al., 2000b) . However, low support values for the incongruent P. karooicum clades (Fig. 2) prevent any firm conclusions. Perlargonium caylae, from Madagascar, is a tetraploid whereas P. karooicum, from the Cape winter rainfall region, is recorded di-, tetra-and hexaploid . Unfortunately, we were not able to obtain nrDNA ITS sequence data for P. karooicum, possibly because of the presence of multiple ITS sequence types. Whether this species is a hybrid between a member of Subsucculentia and P. caylae parents remains to be established based on additional data, especially from nuclear DNA.
Biogeographic patterns in C2 indicate some large disjunctions: sister to the Subsucculentia clade is a clade comprising the presumed allopolyploid species from Asia Minor, P. endlicherianum and P. quercetorum, sister to P. caylae from Madagascar, the next sister being P. karooicum (Cape winter rainfall region); the other C2 subclade contains most species assigned to section Ciconium and includes a clade where P. aridum from near Grahamstown in the Eastern Cape is sister to P. quinquelobatum from Kenya and an undescribed species from the Socotra archipelago (Samha) that was collected by A. Miller (Royal Botanic Garden Edinburgh) in 1998.
Generally, Pelargonium clades in our study that are either insignificantly supported or not resolved internally need further taxonomic and character sampling in order to be resolved decisively. For some clades molecular markers other than DNA sequences (such as AFLP markers, Vos & al., 1995) might be more useful in order to resolve phylogenetic relationships. Nevertheless, in another paper (Bakker & al., in prep.) we propose a revised classification for Pelargonium based on the phylogeny presented here.
Three genomes. -Congruence among phylogenies derived from the different genomes is generally high with only three well-supported incongruencies found between the cpDNA trnL-F and rDNA ITS phylogenies and one between the trnL-F and nad1 phylogeny (Bakker & al., 2000b) . Given that 149 taxa are involved and that "paternal leakage" and biparental inheritance have been reported in some species of Pelargonium (Tilney-Bassett, 1963; Kuroiwa & al., 1993; Nagata & al., 1997) , the apparent rarity of topological incongruencies is somewhat surprising. If biparental inheritance of mitochondrial and chloroplast genomes occurred frequently but episodically in Pelargonium, we would expect these incongruencies to be more frequent. All incongruencies found in our results occurred within main clades and not between them, probably reflecting crossing barriers at this level.
Nucleotide bias correction. -For each of the sequence datasets we observed a bias in the accumulation of nucleotide substitutions. Biased substitution patterns are known to occur in most DNA regions studied so far, confounding cladistic analysis of these data because underlying assumptions of equal rates of characters and states are violated. For instance, substitution bias in cpDNA trnL-F regions was found to be constant across angiosperms with A-T as most rare substitution type (Bakker & al., 2000a) . In our datasets we found biases to differ considerably, for instance whereas the cpDNA trnL-F sequence data exhibited a range of relative rates for each of the six types varying between 0.42 and 1.15, this range was 0.51-4.58 in the nrDNA ITS sequences and 0.35-3.89 in the mtDNA nad1 sequences. In addition, the rate distribution shape parameter "a" differed one-to three-fold in the three datasets indicating that distribution of functional constraints in these regions probably differs significantly. In order to correct for these biases in a simultaneous analysis of the combined datasets, we implemented dataset-specific step matrices simultaneously.
The potential problem with implementation of step matrices is that the triangle inequality could be violated, with the ensuing "shortcuts" in the step matrix possibly resulting in optimising unobserved changes in the analysis (Maddison & Maddison, 1992) . We therefore applied log/normalisation to the observed relative rates in order to reduce triangle inequality as much as possible. Only in the mtDNA nad1 data two step matrix entries, representing the rarest substitution types A-T and G-C transversions, had to be corrected for violation of triangle inequality. For the other two datasets no such correction was necessary, indicating that log/normalisation of relative substitution rates is effective in transforming widely varying relative rates into an internally consistent step matrix. In summary, based on DNA sequence data from three different genomic regions, Pelargonium was found to comprise five main clades, grouped in two sister lineages that correlate with chromosome size. Two of the main clades are largely confined to the southern Africa Cape winter rainfall regions and harbour most of the astonishing amount of life-form variation present in this genus. Phylogenetic topologies derived from the three different genomic regions were overall congruent with incongruencies occurring only within some of the main clades and not among them.
